Vogel in 1854 (1) observed that the flow of urine at night was usually less than that by day. He attributed this nocturnal oliguria chiefly to decreased fluid intake, but Roberts in 1860 (2) and Quincke in 1877 (3) showed that urine flow increased in the morning even when no food or fluid was taken. This matutinal diuresis did not occur if the subject went back to sleep (3). Moreover, although the specific gravity of the night urine was higher than that of the morning urine, the change in density was relatively smaller than that in volume, indicating that excretion of total solids as well as of water was decreased during the night (2, 4-6). Reversal of the normal excretory pattern was described in patients with cardiac or renal disease (5, 7). Similar findings were reported by various authors (8) (9) (10) (11) (12) (13) (14) (15) . It has also been demonstrated repeatedly that renal excretion rates for chloride (4, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , sodium (4, 23, 24, (29) (30) (31) (32) (33) , and potassium (4, 23, 24, (29) (30) (31) (32) (33) are consistently much lower by night than by day, even when no food or electrolyte is taken or when the dietary intake is equally distributed over each 24-hour period. The output of urea characteristically declines at night (10, 12, 14, 17, 18, 28, (33) (34) (35) , but Smits (29) and Borst and de Vries (30) relate this decrease in excretion, unlike that of other solutes, to nocturnal diminution of urine flow; they find that the nocturnal excretion rate, "corrected" according to the Van Slyke formula for standard urea clearance, approximates the rate by day. Uric acid excretion also falls during the night (8, 36, 37). Phosphate excretion is ordinarily higher at night than by day (17, 18, 24, 32) , but a nocturnal fall has been described in the fasting recumbent subject (38) . Although creatinine excretion has been found to decrease slightly at night (19, 36, 37, 39) , the change is minute in comparison with the large variations in excretion of water, electrolytes and uric acid. The renal clearances of endogenous creatinine (39, 40) and of inulin (40) normally fall slightly during the nocturnal hours; however, the decline in urine flow at night is almost entirely due to increased tubular reabsorption of water rather than to decreased filtration.
Vogel in 1854 (1) observed that the flow of urine at night was usually less than that by day. He attributed this nocturnal oliguria chiefly to decreased fluid intake, but Roberts in 1860 (2) and Quincke in 1877 (3) showed that urine flow increased in the morning even when no food or fluid was taken. This matutinal diuresis did not occur if the subject went back to sleep (3) . Moreover, although the specific gravity of the night urine was higher than that of the morning urine, the change in density was relatively smaller than that in volume, indicating that excretion of total solids as well as of water was decreased during the night (2, (4) (5) (6) . Reversal of the normal excretory pattern was described in patients with cardiac or renal disease (5, 7) . Similar findings were reported by various authors (8) (9) (10) (11) (12) (13) (14) (15) . It has also been demonstrated repeatedly that renal excretion rates for chloride (4, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , sodium (4, 23, 24, [29] [30] [31] [32] [33] , and potassium (4, 23, 24, (29) (30) (31) (32) (33) are consistently much lower by night than by day, even when no food or electrolyte is taken or when the dietary intake is equally distributed over each 24-hour period. The output of urea characteristically declines at night (10, 12, 14, 17, 18, 28, (33) (34) (35) , but Smits (29) and Borst and de Vries (30) relate this decrease in excretion, unlike that of other solutes, to nocturnal diminution of urine flow; they find that the nocturnal excretion rate, "corrected" according to the Van Slyke formula for standard urea clearance, approximates the rate by day. Uric acid excretion also falls during the night (8, 36, 37) . Phosphate excretion is ordinarily higher at night than by day (17, 18, 24, 32) , but a nocturnal fall has been described in the fasting recumbent subject (38) . Although creatinine excretion has been found to decrease slightly at night (19, 36, 37, 39) , the change is minute in comparison with the large variations in excretion of water, electrolytes and uric acid. The renal clearances of endogenous creatinine (39, 40) and of inulin (40) normally fall slightly during the nocturnal hours; however, the decline in urine flow at night is almost entirely due to increased tubular reabsorption of water rather than to decreased filtration.
The mechanisms responsible for the normal renal excretory rhythm are obscure. Evidence which suggests that the anterior pituitary is essential for maintenance of some diurnal rhythms in certain species has been reviewed by Kleitman (41) . The possible dependence of renal excretory rhythms upon diurnal variations in adrenocortical activity was considered by Borst and de Vries, but they found that nocturnal suppression of sodium and potassium excretion occurred in a patient with Addison's disease (30) . Examination of other data concerning electrolyte excretion indicates that the normal diurnal rhythm may be altered in adrenalectomized rats (42) and in untreated patients with Addison's disease (43) . On the other hand, of four patients with Addison's disease studied by Slessor (44) , three showed a distinct matutinal increase in the rate of chloride excretion, whereas of three patients with panhypopituitarism, two showed no significant increase.
If the diurnal variations in electrolyte excretion are related to fluctuations in adrenocortical activity, they should be modified in patients who receive large doses of cortisone at regular intervals during each 24-hour period. Under these circumstances endogenous production of adrenocortical hormones should be minimal (45) (46) (47) , and variations in endogenous production would probably be unimportant with continuing absorption from large intramuscular depots, or frequent oral administration. The observations which form the basis of this report indicate that the normal diurnal variations in renal excretion of electrolytes are indeed greatly modified during cortisone ad-507 ministration, but that the changes are probably not due to a direct influence of cortisone upon the renal excretory mechanism.
MATERIALS AND METHODS
The subjects were seven male patients, three with rheumatoid arthritis, and one each with asthmatic bronchitis, allergic rhinitis, neurodermatitis, and benign pemphigus. All were free from renal and cardiovascular disease. Each was studied during the administration of cortisone acetate (Cortone, Merck) at six-or 12- (+) sign indicates days after discontinuing cortisone.
(-) sign indicates days before instituting cortisone. six-hour periods beginning at 6 a.m. on the first day of the regime. Samples of venous blood were taken at the beginning and end of each six-hour collection period.
Concentrations of sodium and potassium in serum and urine were determined by means of an internal standard flame photometer. Chloride was determined by the modified Volhard-Harvey titration (48) . The method of Peters (49) was employed for the determination of creatinine in urine; for serum, the Hare technique (50) was applied. Calculations of endogenous creatinine clearances were based either on the mean of serum concentrations at the beginning and end of each collection period, or on the concentration in a single sample taken at the approximate mid-point of the period.
RESULTS

I. Observations in ambulatory patients
Studies conducted before and after cortisone administration (subject Z.), prior to cortisone therapy (subject Y.), and 11 days or longer after discontinuing cortisone administration (subjects A., B., C., and X.), demonstrated a normal diurnal pattern of renal excretion (Tables I and II) . The rate of urine flow was uniformly less by night than by day. The rate of creatinine excretion was slightly depressed at night. Excretion rates of sodium, potassium, and chloride fell markedly at night. The study of subject D., conducted on the seventh and eighth days after cortisone administration had been discontinued, when endogenous adrenocortical activity may well have been suppressed (45-47, 51), will be described below.
All seven subjects displayed striking deviations from normal excretory patterns during cortisone ad-ministration. Urine flow at night became approximately equal to the rate by day in subjects D. and Z. and exceeded the day rate in the others.
A higher minute output of sodium and chloride by night than by day was observed in all subjects Figure 1 ). Potassium output characteristically increased abruptly during the morning and fell during the afternoon and evening, as well as at night. These variations were unassociated with alterations in creatinine excretion or clearance. While cortisone was being given, a remarkably constant rate of potassium excretion was maintained during nine consecutive periods. The excretion of sodium and chloride exhibited no regular diurnal rhythm, although a distinct rise took place on the morning of the second day and the still higher excretion rates during the period from 6 p.m. to midnight on this day were followed by a decline during the subsequent period from midnight to 6 a.m. Urine flow rose during each night period, while creatinine excretion showed no notable alteration.
During the control study of X., potassium excretion was highest during the morning periods, but while cortisone was being given, a comparatively constant excretion rate was maintained until the second night period (Table III) . The unusually small creatinine output recorded for this period suggests that the bladder was incompletely emptied. Creatinine excretion otherwise re-mained quite constant during both the experimental and control observations. Urine flow declined markedly at night during the control period, but not during cortisone administration. The excretion of sodium and chloride decreased during the periods from 6 p.m. to midnight in the control study but not when cortisone was given. However, lowering of the excretion rates between midnight and 6 a.m. occurred whether or not cortisone was being administered.
III. Serial daily observations before, during, and after cortisone administration Additional data concerning the temporal relationship of cortisone therapy to the observed changes in renal excretory function were obtained for Y. during eight consecutive days prior to cortisone administration, during the next 14 days while he received cortisone, and during the following 18 days after cortisone was discontinued (Figure 2 ). When cortisone administration was begun, he excreted little sodium and gained weight. Despite continued administration of the agent, sodium excretion subsequently increased and weight gain ceased.
The changes observed in diurnal excretory rhythm were as follows. The diurnal variation of sodium excretion was altered rapidly; the nocturnal rate approximately equalled or actually exceeded the rate of the antecedent daytime period during and after the 11th day of observation (third day of treatment). This abolition or reversal of the normal diurnal rhythm persisted until the 32nd day (tenth day after cortisone was discontinued) and a consistently normal rhythm was re-established during the 38th through 40th days (16th-18th days after therapy). Changes in chloride excretion are not shown in the figure since they paralleled sodium very closely. The diurnal rhythm of water excretion was eliminated from the tenth through the 38th day. The period during which the diurnal rhythm of sodium output was abnormal (1lth-31st days, inclusive) coincided very closely with the time during which body weight was increased, presumably owing to retention of sodium chloride and water. Endogenous creatinine clearance was consistently elevated during most of this period. The marked diurnal variation in potassium excretion, evident during the eight-day pre-treatment control pe- occurred, but the temporal relationships were somewhat different (Figure 3 ). Sodium retention was less marked than in Y., and weight gain less rapid. Moreover X., who was treated for ten days longer than Y., continued to excrete large amounts of sodium after the first two weeks and lost 4 kilograms of weight during the last six days of therapy. A normal diurnal rhythm of sodium excretion was maintained during the first ten days of cortisone administration. Reversal occurred abruptly on the 13th day (12th day of treatment) and persisted through the 33rd day (eighth post-treatment day). After three days during which excretory rates by day and night were approximately equal, a small decrease in nocturnal excretion occurred on the 37th day (12th post-treatment day) and a marked nocturnal fall occurred regularly thereafter. Chloride excretion throughout the study was similar to that of sodium and the alterations in the rhythm of water excretion coincided with these also. However, the period of altered excretory rhythm for sodium and chloride did not though creatinine clearance was not measured before treatment, the available observations suggest that an increase to levels above the normal had occurred by the fourth day of treatment. A gradual decline to normal levels was observed after cortisone was discontinued. The normal rhythm of potassium excretion was eliminated on the fourth day (third day of treatment) and became reversed on the 13th day, remaining so through the 33rd day (eighth day after treatment was discontinued). During the next four days the excretion rates by day and by night were approximately equal; a variable relationship obtained for the eight days following, after which a consistently normal pattern was observed.
The studies on Z. (Table II , Figure 4 ) were begun while he was taking a diet poor in sodium without the salt supplement received by X. and Y. Following a control period of five days, he was given desoxycorticosterone acetate in oil, 10 mg. intramuscularly every six hours, for nine days. During this time a normal diurnal rhythm persisted (periods I and II, Table II ). Increased potassium excretion during DCA administration and increased excretion of sodium and chloride when DCA was discontinued (period III, Table  II) were unassociated with any change in the diurnal excretory pattern. Weight changes were minimal during these first three periods as well as after cortisone administration was begun on the 25th day of observation in oral doses of 50 mg. every six hours. The nocturnal decrease in sodium excretion which was regularly apparent before cortisone was given and during the first three days of cortisone therapy was absent or insignificant after the ninth treatment day ( (Table II) . 4 ). Nocturnal excretion of chloride increased at the same time, while the nocturnal urine flow rose to approximate the day rate 48 hours later. Thereafter, the diurnal rhythm for sodium and chloride was eliminated while salt intake remained low, and reversed when a supplement of sodium chloride was given (periods V-VII, Table II ). Return to a normal excretory rhythm for sodium, chloride, and water took place by the 66th day, within a week of discontinuing the hormone (period VIII, Table II ). The rhythm of potassium excretion was altered less promptly than in X. and Y. The nocturnal decline in excretory rate was either very small or absent after the 35th day of observation (11th day of therapy). The nocturnal excretory rate regularly equalled or exceeded the day rate after a nocturnal potassium supplement was added to the diet on the 39th day (period VIII, Table II ). Despite continued administration of this nocturnal supplement, normal diurnal rhythmicity returned a week after treatment was discontinued and was uninfluenced by change in sodium intake (periods VIII and IX, Table II ). Change in endogenous creatinine clearance was far less than in X. or Y. Some increase was observed during the first two weeks -X-.X--X,,X-'X"X-,X-ftx.-X--X--X-X...3t, X--X--K--.X-X,.. Wlwol on cortisone (Figure 4 ), but it is to be noted that the clearance was highest during period VIII, when cortisone had been discontinued and a normal diurnal rhythm had reappeared.
An abnormal excretory pattern after cessation of cortisone administration was observed in D. on his seventh and eighth post-treatment days (Table I) . At this time his nocturnal rate of sodium excretion was somewhat higher than the rate by day and the nocturnal excretion of chloride almost equalled that by day. However, potassium excretion was distinctly less by night than by day, although the rate throughout the 48-hour period was remarkably high, presumably because the patient was eating voraciously at the time.
DISCUSSION
The normal diurnal rhythm of renal excretory function can be demonstrated under a variety of experimental conditions and is not consistently altered by reversing or otherwise modifying the pattern of sleep and activity by day and by night (18, 19, 25, 30, (52) (53) (54) . The observation that when cortisone was administered the normal rhythmic excretory pattern was virtually abolished or actually reversed in each of the seven subjects indicates that this agent exerts an important action upon the mechanism responsible for the normal rhythm.
That the posture of the subject continued to exert an important influence during cortisone administration is demonstrated by the fact that the two subjects who remained recumbent throughout a 48-hour period during therapy failed to exhibit a reversal of the excretory rhythms for sodium and chloride, although the normal nocturnal suppression of excretion was decreased or eliminated. However, when these two subjects were ambulatory by day actual reversal of rhythm occurred, as it also did in four of the other five subjects who remained recumbent only during the night. In the normal individual, not receiving cortisone, assumption of the recumbent posture during the day characteristically evokes a diuresis of water, sodium, and chloride (4, 5, 15, 21, 30, 31, (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) . A similar diuresis would be expected to occur during nocturnal recumbency if the factors which maintain the normal diurnal rhythm were not operative. Modification of these factors by cortisone administration appears to permit recumbency to evoke at night the renal response that it normally induces only during the day.
There was no clear influence of posture on the change in the diurnal rhythm of potassium excretion which was eliminated or reversed in all seven subjects. Other observations concerning the renal excretion of potassium (30, 69, 70) suggest that the influence of posture is unimportant.
Although an increase in the rate of endogenous creatinine clearance occurred during therapy (71), the absence of significant alterations in the normal small diurnal variation in its clearance rate argues against the possibility that altered patterns of water and electrolyte excretion were related to changes in the diurnal rhythm of glomerular filtration. Moreover the elevation of clearance could hardly explain the disturbance of diurnal rhythm. In subject Y. the pattern of potassium excretion was altered before creatinine clearance rose. In X. creatinine clearance was not measured before cortisone was given. The clearance determined on the fifth day of cortisone administration was strikingly elevated (230 ml./ min.), but reversal of the diurnal rhythm for sodium and chloride did not occur until the 12th day of treatment. In Z. changes in the magnitude of clearance were small and apparently unrelated to change in diurnal rhythm. The validity of endogenous creatinine clearance as a measure of glomerular filtration rate in subjects receiving ACTH or cortisone is open to question (72) , but the dissociation of the changes observed in the magnitude of creatinine clearance on the one hand, and the pattern of electrolyte excretion on the other, suggests that they are not directly interdependent.
Alterations in the patterns of excretion of sodium and of chloride were apparent both when the diet was poor in sodium and when the dietary salt intake was liberal. Conceivably, reversal of the excretory rhythm for sodium and chloride by cortisone might be related to concomitant or antecedent cumulative retention of these ions, since a similar reversal is observed when they are retained in patients with congestive heart failure (30, 33, 73, 74) or cirrhosis of the liver (29, 30, 33) . In the studies of Y. the period during which reversal of diurnal rhythm was apparent coin-cided quite closely with the period of sodium retention. The studies of Z., however, demonstrate that such an association is not a necessary one, since reversal of rhythm took place while he received a salt-poor diet without gain in weight or decrease in sodium excretion.
The temporal relationships of the alterations in excretory rhythm of sodium and chloride to the administration of cortisone, as defined in the studies of X., Y. and Z., afford strong evidence that the changes cannot be attributed to an immediate direct influence of cortisone upon renal excretory function. Subjects X. and Z. continued to manifest a normal diurnal pattern for more than a week after they had been receiving cortisone in daily doses of 500 mg. Even on the 23rd and 24th days of treatment, X. exhibited a nocturnal fall in excretion rates of sodium and chloride during constant recumbency. In another subject (C., Table I ), the nocturnal excretion of sodium and chloride remained below the rates by day after more than three weeks of cortisone administration. Persistence of abnormalities in the rhythm of sodium and chloride excretion for seven to 16 days after cortisone had been discontinued provides additional evidence that alteration in rhythm is not dependent upon the presence of large amounts of cortisone in the organism; indeed, during this post-treatment period a deficient supply of adrenocortical hormones is often evident (45) (46) (47) 51) .
The temporal relationship of change in the pattern of potassium excretion to administration of cortisone was somewhat more suggestive of a direct influence upon the renal excretory rhythm in subject Y. whose nocturnal excretion rates approached the day rates on the first two days of treatment and thereafter equalled or exceeded the rates by day. In X. the normal rhythm was also eliminated on the third day of treatment. However, Z. maintained a normal rhythm during the. first ten days of cortisone administration and all three subjects manifested an abnormal excretory rhythm for at least a week after cortisone had been discontinued.
These temporal dissociations between cortisone administration and alteration in diurnal rhythm do not support the hypothesis that the normally occurring rhythm is determined by a diurnal rhythm of endogenous adrenocortical secretary function. Other considerations also argue against this hypothesis. First, increased endogenous production of adrenocortical hormone due to increased liberation of ACTH during the morning might be expected to induce a decrease in excretion of sodium and chloride rather than the increase normally found. Stanbury and Thomson were able to produce a nocturnal increase of potassium excretion by giving a single dose of ACTH at night, but the excretory rhythm for sodium was unchanged (32) . Second, although the adrenalectomized rat maintained on tap water fails to manifest the nocturnal rise of sodium excretion characteristic of intact members of this species, when saline is given, the excretory pattern of sodium is normal (42) . Third, the data of Levy, Power, and Kepler (43) indicate that in untreated patients with Addison's disease the excretion of chloride and sodium increases slightly in the morning and that this matutinal increase attains normal magnitude during treatment with adrenal cortical extract or desoxycorticosterone acetate. The observations of Borst and de Vries (30) and of Slessor (44) afford additional evidence that patients with Addison's disease excrete less sodium and chloride at night than by day. Finally, a patient with Addison's disease has been studied while maintained on desoxycorticosterone acetate (1.25 mg. intramuscularly at 6 a.m. and 6 p.m.) and cortisone (6.25 mg. orally at 6 a.m. and 6 p.m.) (85) . When he remained at bed rest and took identical food and fluid every six hours day and night, the 2The existence of such an adrenocortical rhythm in man is suggested by observations that the renal excretion of 17-ketosteroids (75) (76) (77) (78) (79) , neutral reducing lipids (78) , and uric acid (8, 36, 37) is less at night than during the day, as well as by the fact that the numbers of circulating lymphocytes (80) and eosinophils (81) (82) (83) (32) . Alterations in the total daily excretion of water and solutes such as urea and phosphate related to increased food intake and protein catabolism during cortisone administration might induce changes in the diurnal excretory pattern. Further observations are required, but the persistence of abnormalities in the diurnal rhythm after cortisone withdrawal would make it difficult to relate the changes to such metabolic effects. The possibility that a secondary effect on the adenohypophysis is involved might be considered, since there is some evidence that the anterior pituitary plays a role in -other diurnal rhythms (41) , and that the excretory rhythm for chloride may be abnormal in patients with panhypopituitarism (44) . Mills has suggested that rhythmic activity of the hypothalamus may be responsible for diurnal variation in urine flow (53) . Since cortisone may have pronounced cerebral effects (45, 46) , including disturbance of normal sleep patterns, and since the central nervous system appears to have important influences on the excretion of electrolyte as well as of water (86) (87) (88) (89) (90) (91) (92) , it is possible that its neurological action may be involved in producing the changes we have observed.
SUMMARY AND CONCLUSIONS 1. The influence of cortisone administered in divided daily doses of 200 or 500 mg. upon the diurnal variation in renal excretion of water, sodium, potassium, chloride, and creatinine has been studied in seven patients free from renal or cardiovascular disease. One of these patients was also observed during the administration of desoxycorticosterone acetate in divided daily doses of 40 mg.
2. The diurnal excretory rhythm was not altered during administration of desoxycorticosterone. 3 . During cortisone therapy when the subjects were ambulatory, the normal diurnal rhythm of renal water excretion was reversed in five of the seven patients and virtually eliminated in the others. The excretory rhythm of sodium and chloride was reversed in six patients. The normal rhythm of potassium excretion was eliminated in all seven and reversed in three of these. No significant change occurred in the pattern of creatinine excretion.
4. In two subjects at bed rest who ate identical meals every six hours, the diurnal excretory rhythm for potassium was eliminated in both, but one continued to manifest nocturnal suppression of sodium and chloride excretion.
5. The temporal sequence of the changes was studied in three of the subjects before, during, and after the course of cortisone administration. The observations seem most consistent with the belief that the changes in excretory rhythm are not the result of a direct action of cortisone upon the renal excretory mechanism.
6. The normal diurnal rhythm of renal excretion does not appear to depend upon rhythmic changes in endogenous adrenocortical secretion, although the demonstration that striking changes occur when large amounts of exogenous adrenal steroid are given suggests that endogenous adrenal hormone may also exert important modifying influences.
